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Abstract 
Fire safety design of building structures has received greater attention in recent times due to 
continuing loss of properties and lives during fires. However, fire performance of light gauge 
cold-formed steel structures is not well understood despite its increased usage in buildings. 
Cold-formed steel compression members are susceptible to various buckling modes such as 
local and distortional buckling and their ultimate strength behaviour is governed by these 
buckling modes. Therefore a research project based on experimental and numerical studies 
was undertaken to investigate the distortional buckling behaviour of light gauge cold-formed 
steel compression members under simulated fire conditions. Lipped channel sections with 
and without additional lips were selected with three thicknesses of 0.6, 0.8, and 0.95 mm and 
both low and high strength steels (G250 and G550 steels). More than 150 compression tests 
were undertaken first at ambient and elevated temperatures. Finite element models of the 
tested compression members were then developed by including the degradation of 
mechanical properties with increasing temperatures. Comparison of finite element analysis 
and experimental results showed that the developed finite element models were capable of 
simulating the distortional buckling and strength behaviour at ambient and elevated 
temperatures up to 800°C. The validated model was used to determine the effects of 
mechanical properties, geometric imperfections and residual stresses on the distortional 
buckling behaviour and strength of cold-formed steel columns. This paper presents the details 
of the numerical study and the results. It demonstrated the importance of using accurate 
mechanical properties at elevated temperatures in order to obtain reliable strength 
characteristics of cold-formed steel columns under fire conditions. 
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 1. Introduction 
 
Light gauge cold-formed steel sections are increasingly used in the building industry as they 
are considered to be more economical than traditional hot-rolled steel sections. The 
development of advanced material and manufacturing technologies has facilitated this 
increased use of innovative light gauge and high strength cold-formed steel sections in recent 
times. The use of very thin (0.4 to 1.2 mm) and high strength cold-formed steel sections in 
light weight floor and wall systems is a good example. However, these cold-formed thin-
walled steel members have a high section factor, and in combination with high thermal 
conductivity of steel, they are subjected to a rapid steel temperature rise during fires. This can 
lead to poor fire performance of cold-formed steel structures unless they are adequately 
protected using plasterboard or similar fire protection materials. In order to overcome the fire 
safety problems in cold-formed steel structures, many researchers have investigated the 
structural behaviour of light gauge cold-formed steel structures under fire conditions. In 
recent times, considerable progress has been made in this research field by Feng et al. 
(2003a,b,c, 2004), Ranby (1998), Kaitila (2002), Ala-Outinen and Myllymaki (1995), Outinen 
(1999) and Chen and Young (2004, 2006, 2007). Their research ranged from local and 
flexural buckling of cold-formed steel columns at elevated temperatures to the effects of 
initial imperfections and non-uniform temperature distributions, and mechanical properties at 
elevated temperatures. They have produced significant research results and a strong base for 
the fire safety research and design of light gauge cold-formed steel structures.  
 
Light gauge cold-formed steel columns are susceptible to various buckling modes and their 
interactions, and hence exhibit complex structural behaviour under fire conditions. Local and 
distortional buckling are the most common failure modes of short compression members 
(Hancock, 1998). Local buckling effects have been investigated at both ambient and elevated 
temperatures by Kaitila (2002), Lee (2004), Feng et al. (2003a,b), Ala-Outinen and 
Myllymaki (1995) and Ranby (1998). Feng et al. (2003a,b) undertook local and distortional 
buckling studies using both experimental and numerical analyses. They showed that ambient 
temperature design method can be used to predict the strengths of short cold-formed steel 
columns at elevated temperatures provided appropriately reduced mechanical properties are 
used in the relevant calculations. 
 
 In practical applications, cold-formed steel studs are often protected by plasterboard or similar 
boards, resulting in studs being subject to a non-uniform temperature condition. However, if 
the maximum temperature in the studs can be estimated for a fire event, the stud compression 
strength under fire conditions can be estimated using a uniform elevated temperature design 
method. Hence past research has used this simpler uniform elevated temperature approach in 
their research (Ranby, 1998, Lee, 2004, Feng et al., 2003a,b). However, Feng et al. (2003c) 
extended their work to include the important effects of non-uniform elevated temperatures on 
the axial strength of cold-formed steel channels using numerical studies. 
 
To date the relatively new distortional buckling behaviour of cold-formed steel members has 
not been investigated in detail at elevated temperatures using both experimental and 
numerical studies. Therefore detailed experimental and numerical studies were undertaken to 
investigate the pure distortional buckling behaviour of light gauge cold-formed steel 
compression members at uniform elevated temperatures. This research considered only the 
uniform elevated temperature conditions as the aim of this research was to understand first the 
pure distortional buckling behaviour at uniform elevated temperatures. It also included an 
investigation into the mechanical properties of steels at elevated temperatures. Experimental 
studies on the distortional buckling of cold-formed steel compression members at ambient and 
elevated temperatures and the results have been presented by Ranawaka and Mahendran 
(2009a) whereas the measured elevated temperature mechanical properties of steels used in 
this research are given in Ranawaka and Mahendran (2009b). In this paper the details of 
numerical studies on the distortional buckling of cold-formed steel compression members at 
ambient and elevated temperatures are presented. The mechanical properties of the cold-
formed steels used in the compression tests (Ranawaka and Mahendran, 2009b) were used in 
the numerical studies. This paper presents the details of this numerical study and the results. 
 
2. Numerical Modelling 
 
Numerous finite element analysis programs are available for research purposes that can 
eliminate the excessive resource and time requirements of experimental studies. In this 
research, ABAQUS standard version 6.3 (HKS, 2002) was used to simulate the distortional 
buckling behaviour of light gauge cold-formed steel compression members at both ambient 
and elevated temperatures. Since this numerical study was related to the experimental tests 
reported in Ranawaka and Mahendran (2009a), the same cold-formed steel compression 
 members used by them (Figure 1) were analysed at six different temperatures in the range of 
20 to 800ºC with fixed end support conditions (a total of 72 cases). Two types of cold-formed 
sections shown in Figure 2 (Types A and B sections - lipped C-sections with and without 
additional lips) were modelled with three thicknesses of 0.60, 0.80 and 0.95 mm and two 
steel grades of G250 and G550 (minimum yield strengths of 250 and 550 MPa, respectively). 
In Ranawaka and Mahendran’s experimental studies (2009a) the section geometry was 
chosen so that local buckling is not critical while the specimen length was chosen to 
eliminate any global buckling effects.  They showed that their test specimens with fixed ends 
failed by pure distortional buckling under axial compression (see Figure 1). Table 1 shows 
the nominal cross-section sizes, the nominal and measured base metal thicknesses and the 
member lengths used in this numerical study.  
 
Initial analyses were undertaken at ambient temperature followed by those at elevated 
temperatures. Both elastic buckling and nonlinear analyses were undertaken at varying 
temperatures using appropriate mechanical properties, initial geometric imperfections and 
residual stresses. The numerical results were compared with the corresponding experimental 
results for validation purposes. 
 2.1 Elements 
Suitable elements should be chosen in finite element analyses to simulate the true member 
behaviour. Therefore the suitability of two shell element types, S4 and S4R5, was 
investigated first using preliminary analyses. Element type S4 is a fully integrated, general 
purpose, finite membrane strain shell element that allows for transverse shear. The S4R5 
element has one integration location per element while the S4 element type has four 
integration locations per element. The ultimate failure load and the axial compression load 
versus axial shortening graphs obtained for selected cases using S4 and S4R5 element types 
showed a difference of more than 5%. The ultimate load obtained by using S4 elements was 
found to be closer to the experimental results than S4R5 elements. Camotim et al. (2005) also 
observed that the critical stresses obtained from the finite element models using S4 and S4R 
elements are similar in the case of local and global buckling failures whereas there is a 
considerable difference for distortional buckling failures. Therefore the element type S4 was 
selected for the finite element analyses in this research.  
 
 It is desirable to use a fine mesh to increase the accuracy of results. However, a very fine 
mesh is not economical in terms of processor time and disk usage. A series of convergence 
studies led to the selection of 5 mm mesh size for this research.  Figures 3 (a) and (b) show 
the finite element mesh for 0.6 mm G550 Type A and Type B sections, respectively. 
 
2.2 Geometric Imperfections 
 
Light gauge cold-formed steel sections are likely to have larger initial geometric 
imperfections in comparison to hot-rolled steel sections. Therefore the effect of initial 
geometric imperfections on their distortional buckling behaviour and ultimate load should be 
studied by using nonlinear analyses. Many researchers have used the measured geometric 
imperfections to study the effect of geometric imperfections on the ultimate strength of cold-
formed steel members (Sivakumaran and Abdel-Rahman, 1998; Schafer and Pekoz, 1998; 
Young and Yan, 2000; Dubina and Ungureanu, 2002).  
 
Walker (1975) proposed an equation for initial geometric imperfections, as shown next.  
 
                                                 ∆ = β t √Py/Pcr                                                        (1) 
where ∆ is the magnitude of initial imperfection; 
           β is a constant that can be adjusted to fit experimental results;  
          Py is the yield or crushing load and Pcr is the elastic buckling load. 
 
Using Walker’s (1975) recommended value of 0.3 for β, and stresses instead of loads leads to 
Equation 2: 
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 where, fy = yield strength and fod = elastic distortional buckling stress 
 
As seen in Equation 2, the steel thickness (t) plays an important role in the magnitude of 
initial imperfections. This will be valid for light gauge cold-formed steel due to the cold-
forming processes used. 
 
 Ala-Outinen and Myllymaki’s (1995) studies of rectangular hollow sections at ambient 
temperature have shown that the maximum initial imperfection is about h/200 (h = width) for 
local buckling and L/500 (L = length) for global buckling failures. Feng et al. (2004) carried 
out similar studies by considering different column lengths at various temperatures. They 
stated that initial geometric imperfection had a large influence on the ultimate load. However, 
their study was limited to local and global buckling behaviour of rectangular hollow sections.  
 
Schafer and Pekoz (1998) observed two types of initial imperfections as shown in Figure 4. 
They used the data on measured geometric imperfections of cold-formed channel sections 
from existing experimental data and recommended realistic magnitudes of geometric 
imperfections using statistical and probabilistic analyses. Maximum magnitudes for these 
types (Types 1 and 2) of imperfections are given by the following equations: 
 
                                    ∆1 = 6te-2t or 0.006×plate width                                          (3) 
                                    ∆2 = t                                                                                   (4) 
where ∆1, ∆2, t and plate width are in mm. 
 
Among these two types of imperfections, Type 1 governs the local buckling failure whereas 
Type 2 governs the distortional buckling failure. However, for the prediction of Type 1 
imperfections, either a plate width or thickness is taken into account based on certain trends 
in experimental data as shown in Equation 3. The predicted values for Type 2 imperfection 
are given by a function of thickness only, as seen in Equation 4.  
 
As seen above, different equations have been proposed for geometric imperfections. The 
predictions based on Walker (1975), Ala-Outinen and Myllymaki (1995) and Schafer and 
Pekoz (1998) are not the same, for example, they are 0.26, 0.15 and 0.80 mm for 0.8 mm 
G550 Type A specimens. Therefore the measured initial geometric imperfections in 
Ranawaka (2006) were used in the finite element analyses. These measured values showed 
that steel grade and thickness had an influence on the initial geometric imperfection. They 
were higher for the higher steel grades and further increased with increasing thickness. 
However, only Walker’s (1975) equation presented the relationship between yield strength 
and initial imperfections. But the imperfection values calculated using Walker’s equation 
were not similar to the measured values. Ala-Outinen and Myllymaki’s (1995) methods 
depend on the width and length of the specimen for local and global buckling behaviour, 
 respectively. They did not consider the influence of geometric imperfections on the 
distortional buckling failure. Therefore in this research, the average values of the measured 
initial geometric imperfections were included in the finite element model before using it for 
nonlinear analyses. The average measured geometric imperfections are given in Table 2. 
 
 
2.3 Residual Stresses 
 
Cold-formed steel members have flexural residual stresses whereas hot-rolled and welded 
members have membrane residual stresses due to the differences in manufacturing. Therefore 
appropriate residual stresses should be included in the finite element analyses to obtain 
accurate results. Schafer and Pekoz (1998) recommends the flexural residual stress 
distributions shown in Figure 5 for cold-formed steel channel sections. The maximum 
residual stress occurs at the corners of the section. There is a considerable difference between 
the residual stresses in press-braked and roll-formed specimens. In this study all the 
specimens were made using the press-braking method and hence the values for press-braked 
specimens were used in the finite element analyses. Schafer and Pekoz’s (1998) figures do 
not include the residual stresses in the lip elements of C-sections. There is a considerable 
difference between the residual stresses of web and flange elements although they were 
affected by the same level of cold-working.  
 
According to Schafer and Pekoz (1998) and Young and Rasmussen (1999), membrane 
residual stresses generated during the cold-working process were considered reasonably small 
and can be ignored. Therefore only the flexural residual stresses in press-braked sections 
were considered as shown in Figure 5 (b).  
 
In this research two types of cold-formed steel sections, C-sections with and without 
additional lips, were considered. A new set of residual stresses was proposed for these 
sections as shown in Figures 6 (a) and (b) based on Schafer and Pekoz (1998) and 
preliminary finite element analyses (FEA). According to Schafer and Pekoz’s (1998) model, 
higher residual stresses occur at the corners of the specimens. In the preliminary FEA, the 
measured small corner radii were included in the analyses along with the residual stresses. 
However, the difference between the ultimate loads obtained from the FEA with and without 
corner radii was negligible. Therefore higher residual stresses were not used at the corners of 
the sections.  The proposed residual stresses in the web and flange elements of Type A 
 specimen, and the web, flange and lip elements of Type B specimen are the same (0.17fy) 
since they were affected by the same level of cold-working in the manufacturing process. 
However, the residual stress in the lips is reduced to 0.08fy. 
 
In addition, the residual stresses diminish when the specimens are exposed to high 
temperatures. Therefore, suitable reduction factors should be included in the finite element 
analyses at elevated temperatures. Lee (2004) presented a linear equation to determine the 
reduction factors of residual stresses at elevated temperatures. They assumed that the residual 
stresses are totally diminished when the temperature reaches 800oC. Equation 5 presents the 
reduction factors of residual stresses with increasing temperature.  
 
                                             a = 1.0181-0.00128·T                                             (5) 
where a is the residual stress reduction factor and T is the temperature in °C in the range of 
20 ≤ T ≤ 800°C. 
 
The residual stresses were modelled using the ABAQUS*INITIAL CONDITIONS option 
with TYPE=STRESS, USER. The user defined initial stresses were created using the SIGINI, 
FORTRAN user subroutine. It was necessary to ensure that the coordinate system for stress 
components was correctly defined to produce the residual stresses on the required axis. This 
was achieved by defining the variables of SIGNI for each axis. For this purpose, the global 
coordinate system was used defining the stress values on each element. This subroutine 
defines the variation of the residual stress through the thickness. Five interpolation points 
were used to vary the residual stress through the thickness. It was ensured that tension 
residual stress on the outside of the fold and compression on the inside were correctly defined 
as shown in Figures 6 (a) and (b). 
 
The specimens were then analysed only with the residual stresses by considering the same 
boundary conditions as used in the experiments. The details of the contours of residual 
stresses are presented in Figure 7 for Type B sections. The ultimate failure load was 
determined with and without residual stresses and the effect of residual stresses on the 
ultimate load was found to be small (less than 1%) when the column failed by distortional 
buckling. 
 
 
 2.4 Mechanical Properties 
 
The reduction of mechanical properties at elevated temperatures is likely to influence the 
elastic distortional buckling and ultimate strength behaviour considerably. Therefore the 
variation of mechanical properties should be explicitly considered in the finite element 
analyses for elevated temperatures. The mechanical properties required for elastic and 
nonlinear analyses are Young’s modulus of elasticity, yield strength and Poisson’s ratio. They 
should be the same as the mechanical properties of experimental specimens in order to 
validate the finite element model. Therefore Ranawaka and Mahendran’s (2009b) measured 
elasticity modulus and yield strength values were used in the analyses based on Tables 3 and 
4, ie. ET and fyT at elevated temperature T are given by the corresponding values at ambient 
temperature (20°C) multiplied by the relevant reduction factor for the elevated temperature. It 
was assumed that the Poisson’s ratio remains unchanged with the temperature as stated in 
Ranby (1999). 
  
Ranawaka and Mahendran’s (2009b) tensile coupon tests at elevated temperatures up to 
800°C showed that perfect plasticity assumption is reasonably accurate at ambient 
temperature for both G250 and G550 steels, but becomes inaccurate at elevated temperatures 
due to increasing levels of nonlinearity. Therefore they developed accurate stress-strain 
equations based on Ramberg and Osgood’s model. Their stress-strain equation is represented 
by Equation 6 where εT is the strain corresponding to a given stress fT at temperature T, ET 
and fyT are the elasticity modulus and the yield strength, respectively (Tables 3 and 4), and β 
and ηT are the two parameters defining the stress-strain model. The parameter β was 
determined as 0.86 while the parameter ηT was developed as a function of temperature in the 
form of Equations 7 (a) and (b) for low and high strength steels (G250 and G550). Equations 
(6), (7a) and (7b) were used in the numerical models to simulate accurate stress-strain curves 
for both steels at ambient and elevated temperatures. 
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The proposed stress-strain curve based on Equation 7 (a) is valid for the full range up to the 
ultimate tensile strain in the temperature range of 20 to 800oC while Equation 7 (b) is valid 
for 350 to 800oC. The stress-strain curves for low strength steels at temperatures below 350oC 
include a yield plateau and hence cannot be predicted using Equation 7 (b) that was developed 
only for gradually changing stress-strain curves. In these cases a perfect plastic assumption 
was used. 
 
True stress and logarithmic strain are given to imply the relevant stress and strain values for 
all these finite element models. The nominal stress-strain data were converted to true stress 
and logarithmic plastic strain from the following equations. 
 
( )nomnomtrue εσσ += 1  
( )
E
true
nom
pl σεε −+= 1lnln  
where E = Young’s modulus, σnom = nominal stress, σtrue = true stress, εnom = nominal strain,  
εln
pl =  logarithmic plastic strain 
 
2.5 Loading and Boundary Conditions 
  
Appropriate boundary conditions must be included in the finite element model in order to 
accurately simulate the test specimens. Fixed-end condition was used in the experimental 
investigation of Ranawaka and Mahendran (2009a). The end plate with a groove filled with a 
grout (Figure 1) was used to simulate fixed ends with no rotations. The geometric centroids 
of the specimen and the end plates were kept the same to eliminate eccentric loading. 
 
Due to the presence of symmetry in loading and boundary conditions, a half length column 
model was selected in this study (see Figure 8).  This half column length model was adequate 
to simulate the experimental conditions and to investigate the experimental behaviour of the 
distortional buckling failure mode due to the symmetric nature of the distortional buckling 
waveform. It is also more economical computationally than the full column length model. 
 
The fixed end boundary conditions of the top were simulated as 12456. This means 
displacements were restrained in X and Y directions while rotations were restrained in all 
8(a) 
8(b) 
 three directions at the top. The upper boundary conditions were assigned to the centroid node 
and were distributed to the other nodes through an MPC as shown in Figure 9. The boundary 
conditions at mid-length were given as 345 to the edge nodes, so that translations were 
restrained in Z direction while rotations were restrained in both X and Y directions.  
 
Axial compression load was defined as a concentrated nodal force at the top through an 
independent node created at the geometric centroid. The centroid was connected to the edge 
nodes (considered as dependent nodes) using rigid beams (MPC). Hence the applied 
concentrated load was equally distributed across the section.  
 
2.6 Analysis Methods 
 
Finite element analyses were undertaken by using half length models for the two types of 
sections (Types A and B) made of G250 and G550 steels and three thicknesses of 0.60, 0.80 
and 0.95 mm at six temperatures of 20, 200, 350, 500, 650 and 800oC. The models were built 
using the MSC/PATRAN pre-processing program and submitted to ABAQUS. Two types of 
analyses were undertaken in each case. Elastic buckling analyses were conducted first to 
determine the critical buckling load and associated buckling modes. The relevant critical 
elastic distortional buckling modes were then used to include the appropriate geometric 
imperfections (Type 2 in Figure 4) in the nonlinear analyses to determine the ultimate loads. 
The direction of Type 2 imperfections could be changed to simulate the three different types 
of distortional buckling, i.e. both flanges moving outward, both flanges moving inward and 
one flange moving outward while other flange moving inward. In the nonlinear analyses 
residual stresses were also included. The loads and deformations from analyses were read 
from the MSC/PATRAN post-processing facilities. The results were then compared with 
corresponding experimental results. 
 
3. Validation of the Finite Element Model 
 
Finite element analyses (FEA) are increasingly used for research purposes since they show 
many advantages when compared with experimental studies. Valuable time and physical 
resources can be saved by using FEA instead of experiments. However, the validity of FEA 
must be established before undertaking detailed parametric studies. In this research the 
 developed finite element models were validated by comparing FEA and experimental results 
of (1) buckling and failure modes, (2) load-deflection curves and (3) ultimate loads.  
 
Figure 10 shows the elastic distortional buckling and ultimate failure modes from FEA for 
0.95 mm G550 steel specimens at ambient temperature. Distortional modes at elastic 
buckling and ultimate failure are similar as shown in this figure. Elastic buckling mode from 
FEA shows both flanges moving inwards whereas experimental results showed both flanges 
moving outwards due to the imperfection shape in the test specimen. Therefore the direction 
of Type 2 imperfection used in the nonlinear analysis was changed. 
 
The FEA Load-deflection curves were obtained for all the tested specimens. They were 
obtained using the RIKs method which enabled the unloading function in the nonlinear 
analysis. Figures 11 to 13 compare the axial compression load versus axial shortening curves 
and axial compression load versus out-of-plane deflection curves from FEA and experiments 
at 20, 500oC and 800oC, respectively. The out-of-plane deflections were measured at the 
middle of the flanges in Type A specimen and slightly below the middle of the flanges in 
Type B specimens. The load versus out-of-plane deflection curves from FEA were obtained 
for the same points. The load-deflection curves show that the experimental and FEA results 
agree reasonably well. 
 
Tables 5 and 6 present the comparison of ultimate loads from FEA with the average ultimate 
loads obtained from more than 150 experiments. It proves that there is very good agreement 
with experimental results at all the temperatures in the range of 20 to 800°C. This good 
agreement is attributed to the use of accurate mechanical properties and associated stress-
strain characteristics at elevated temperatures in FEA. Since there is good agreement in terms 
of ultimate loads, load-deflection curves and buckling and failure modes, the developed finite 
element model was used in further investigations on the distortional buckling behaviour of 
light gauge cold-formed steel members. 
 
4. Finite Element Analyses Investigating the Effects of Important Parameters 
  
This section presents the details and results of a series of finite element analyses undertaken 
to investigate the effects of some important parameters on distortional buckling of cold-
formed steel compression members. 
  
4.1 Distortional Buckling Modes 
 
Three main distortional buckling failure modes were observed in both experiments and FEA 
as seen in Figures 10 and 14. The first and second modes involved both flanges moving 
outwards or inwards and were commonly observed in many test specimens. The third mode 
involved one flange moving outward while the other flange moving inward, which occurred 
only in some specimens. Experimental study showed that all three buckling modes occurred 
when tests were repeated (Ranawaka and Mahendran, 2009a). The FEA was also able to 
simulate all three failure modes and confirmed that they occurred depending on the shape of 
initial geometric imperfections. 
 
The influence of geometric imperfections was further studied by changing their direction and 
magnitude. As an example, when tests were repeated, all three types of buckling mode 
occurred at 500oC for 0.95 mm G550 Type A specimen. However, the difference in their 
ultimate loads was negligible. This was simulated in FEA, and the ultimate load results are 
compared with experimental results in Table 7. Table 7 results also confirm that the 
difference between the ultimate loads corresponding to these three modes was negligible. It 
can be stated that geometric imperfection shape of the specimen govern the failure mode and 
hence the first elastic buckling mode may not be critical in all the cases. 
 
4.2 Effect of Geometric Imperfections 
 
The same test specimen considered in the last section, 0.95 mm G550 Type A specimen was 
considered here to study the effect of geometric imperfections. As mentioned earlier, 
changing the imperfection direction produced the three distortional modes in FEA. The 
geometric imperfection magnitude was also varied from -1.9 to 1.9 mm ie. -2t to +2t at 0.25t 
intervals. The residual stresses were not applied in this case. This study was undertaken at 
two different temperatures of 20oC and 500oC so that the influence of geometric 
imperfections can be observed with varying temperatures. Two distortional buckling modes 
(both flanges moving inwards and outwards) were considered in this study. 
 
Figure 15 shows that there is a considerable influence of initial geometric imperfection 
magnitudes on the ultimate load. However, the effect of imperfection direction on the 
ultimate load was very small (<3%). The difference between the maximum and minimum 
 ultimate loads is about 20 and 30% when the imperfection magnitude was increased to 2t at 
20oC and 500oC, respectively. Further, it shows a considerable difference in the ultimate load 
for the cases of with and without geometric imperfections. The ultimate load decreases 
rapidly when a small geometric imperfection is introduced, but does not decrease rapidly with 
increasing large imperfections (see Figure 15). For example, the ultimate load reduced by 
20% when the imperfection magnitude was increased from zero to 0.25t at 20°C while there 
was another 10% reduction when it was increased to 2t. Therefore it is important that 
appropriate geometric imperfection magnitudes are included in finite element analyses in 
order to determine the ultimate loads of cold-formed steel compression members accurately. 
 
4.3 Effect of Residual Stresses 
 
The residual stresses can also affect the ultimate load. Therefore the effect of residual stresses 
was investigated by considering 0.95 mm G550 Type A specimen at ambient temperature. 
Both the residual stresses and geometric imperfections were included here. Elevated 
temperatures were not considered since the residual stresses decreased rapidly with 
increasing temperatures. The initial geometric imperfection value was not varied, but the 
residual stress was varied from 0 to the values shown in Figure 6 at 10% intervals. The 
ultimate loads obtained demonstrated that the influence of residual stress is negligible (<1%).  
 
4.4 Effect of Mechanical Properties 
 
Mechanical properties are one of the governing factors determining the failure behaviour and 
ultimate loads of cold-formed steel compression members. For accurate simulation of the 
compression member behaviour at elevated temperatures, finite element models should 
include appropriately reduced mechanical properties of steels at elevated temperatures. Some 
research papers and design codes recommend suitable reduction factors for the mechanical 
properties of cold-formed steels (ECS, 2005, Outinen, 1999, Chen and Young, 2007, 
Mecozzi and Zhao, 2005). However, in the numerical analyses of this research, the measured 
mechanical properties of steels given in Ranawaka and Mahendran (2009b) were used. Table 
8 compares the available reduction factors for the chosen low and high strength steel grades 
in this research (G250 and G550). As seen in Table 8, there are differences in the 
recommended reduction factors, which are mostly due to the differences in steels used. 
However, it is useful to investigate the effect of mechanical properties on the distortional 
 buckling behaviour of cold-formed steel columns at elevated temperatures. Outinen’s (1999) 
results are for 2 mm S350 steels, but were also considered suitable for 0.95 mm G250 steels 
whereas Chen and Young’s (2007) results for 1 mm G550 steels were considered suitable for 
0.95 mm G550 steels. Therefore the mechanical properties from Ranawaka and Mahendran 
(2009b), Chen and Young (2007) and Outinen (1999) were used in the finite element 
analyses of 0.95 mm G250 and G550 steel Types A and B columns (Table 1). 
 
Tables 9 and 10 and Figures 16 (a) to (d) compare the experimental results with FEA results 
based on the mechanical properties obtained from this research,  Chen and Young (2007), and 
Outinen (1999). According to these tables and figures, the influence of mechanical properties 
at elevated temperatures on the distortional buckling failure load is significant. The results 
obtained from Chen and Young’s and Outinen’s mechanical properties show a considerable 
variation from some of the experimental results obtained in this research (350 and 500°C). 
However, the ultimate loads obtained based on the mechanical properties determined in this 
research show a good agreement with the experimental results. The reduction factors 
recommended by ECS (2005) are similar to those of Outinen (1999) whereas Mecozzi and 
Zhao’s reduction factors (2005) are different to those of Ranawaka and Mahendran (2009b) 
for low strength steels. This implies that the currently available mechanical property 
reduction factors for elevated temperatures are not accurate for light gauge cold-formed steels 
used in Australia. It also confirms the importance of using accurate mechanical properties in 
the analysis and design of cold-formed steel compression members subject to fire conditions.  
 
Ranawaka and Mahendran (2009b) presented predictive equations for the determination of 
both yield strength and elasticity modulus at elevated temperatures and a suitable stress-strain 
model for the light gauge cold-formed steels used in Australia. They can be used to 
accurately simulate the fire performance of cold-formed steel members made of these steels. 
Further research is needed for thin cold-formed steels and columns used in other countries. 
This can then lead to the development of suitable generalised material models that can be 
used safely in the fire safety design of light gauge cold-formed steel members.  
 
5. Conclusions 
 
This paper has described the development of a finite element model capable of simulating the 
distortional buckling behaviour of light gauge cold-formed steel compression members at 
 ambient and elevated temperatures. The developed shell finite element models included 
accurate mechanical properties and stress-strain characteristics of steels, initial geometric 
imperfections and residual stresses as a function of temperatures in the range of 20 to 800°C. 
They were able to simulate the failure modes, load-deflection curves and ultimate loads of 72 
cold-formed steel compression members tested at temperatures in the range of 20 to 800°C 
by Ranawaka and Mahendran (2009a). The validated finite element model was used to 
investigate the effect of different types of distortional buckling mode, initial geometric 
imperfections, residual stresses and mechanical properties. The results have demonstrated the 
importance of using accurate mechanical properties at elevated temperatures in the fire safety 
design of cold-formed steel compression members. 
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Figure 1.  Cold-formed Steel Compression Members Tested by Ranawaka and 
Mahendran (2009a) 
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Figure 2.  Cold-formed Steel Sections Used in this Research 
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Figure 3.  Finite Element Mesh of 0.6 mm G550 Steel Specimens 
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Figure 4.  Geometric Imperfections in Cold-formed Channel Sections 
 
 
 
 
 
Figure 5.  Residual Stresses in C-Sections (Schafer and Pekoz, 1998) 
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Figure 6.  Flexural Residual Stress Distribution of Types A and B Specimens 
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Figure 7.  Residual Stress Distribution of Type B Specimen in FEA 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Loading and Boundary Conditions 
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Figure 9.  Loading and Boundary Conditions Used in the Finite Element Model 
 
  
 
 
(a) Elastic buckling mode 
       
 
(b) Ultimate failure mode 
Figure 10.  Elastic Buckling and Ultimate Failure Modes 
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(a) Axial shortening curves 
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 (b) Out-of-plane deflection curves 
Figure 11.  Comparison of Experimental and FEA Load-Deflection Curves for 0.8mm 
G550 Type A Specimen at 20oC 
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(a) Axial shortening curves 
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(b) Out-of-plane deflection curves 
 
Figure 12.  Comparison of Experimental and FEA Load-Deflection Curves for 0.8mm 
G550 Type A Specimen at 500oC 
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Figure 13.  Comparison of Experimental and FEA Load-Deflection Curves for 0.6mm 
G550 Type A Specimen at 800oC 
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 (a) Both flanges moving inward     (b) One flange moving outward while other one moving 
inward 
 
Figure 14.  Comparison of Other Distortional Failure Modes from Experiments and 
FEA 
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Figure 15. Effect of Initial Geometric Imperfections on Failure Loads 
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(a) 0.95 mm G550 Type A specimen 
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(b) 0.95 mm G550 Type B specimen 
 
Figure 16. Effect of Mechanical Properties on Ultimate Loads 
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(c) 0.95 mm G250 Type A specimen 
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(d) 0.95 mm G250 Type B specimen 
 
Figure 16. Effect of Mechanical Properties on Ultimate Loads 
 Table 1. Dimensions of Selected Cold-formed Steel Sections 
 
 
Section 
Thickness (mm) Section Sizes (mm)  
Length** 
(mm) 
Nominal BMT-
G250* 
BMT-
G550* 
 
h 
 
b 
 
d 
 
s 
 
Type A 
0.60 
0.80 
0.95 
0.54 
0.75 
0.94 
0.60 
0.80 
0.95 
30 
30 
30 
30 
30 
35 
5 
5 
5 
- 
- 
- 
200 
180 
180 
 
Type B 
0.60 
0.80 
0.95 
0.54 
0.75 
0.94 
0.60 
0.80 
0.95 
40 
40 
40 
30 
30 
30 
5 
5 
5 
10 
10 
10 
280 
240 
220 
*   Measured mean values of base metal thicknesses (BMT) 
** Length of specimen between the end plates 
 Table 2.  Average Measured Type 2 Geometric Imperfections of Types A and B 
Specimens 
 
Specimen G550-0.60 G550-0.80 G550-0.95 G250-0.60 G250-0.80 G250-0.95 
Imperfection 
(mm) 
0.65 0.80 1.0 0.40 0.45 0.55 
 Table 3.  Yield Strengths at Ambient Temperature and Reduction Factors  
for Elevated Temperatures (from Ranawaka and Mahendran, 2009b) 
 
 
 
 
 
 
 
 
 
 
                  *Yield strengths (YS) in MPa were determined based on 0.2% proof stress method 
 
Steels 
Temp.(oC) 
 0.60 mm 0.80 mm 0.95 mm 
G550 G250 G550 G250 G550 G250 
20 1.000 1.000 1.000 1.000 1.000 1.000 
100 0.970 0.937 1.000 0.960 0.976 0.906 
200 0.956 0.922 0.992 0.918 0.963 0.823 
350 0.838 0.526 0.876 0.586 0.877 0.510 
500 0.403 0.323 0.429 0.360 0.471 0.327 
600 0.118 - 0.123 - 0.113 - 
650 0.097 0.163 0.093 0.180 0.082 0.164 
800 0.030 0.036 0.051 0.081 0.044 0.059 
YS at 20oC 675 314.5 610 297 615 320 
 Table 4. Elasticity Modulus at Ambient Temperature and Reduction Factors for 
Elevated Temperatures (from Ranawaka and Mahendran, 2009b) 
 
 
 
 
 
 
 
 
 
 
 
*Elasticity Modulus (EM) is in GPa
Steels 
Temp.(oC) 
 0.60 mm 0.80 mm 0.95 mm 
G550 G250 G550 G250 G550 G250 
20 1.000 1.000 1.000 1.000 1.000 1.000 
100 1.000 0.998 1.000 1.000 1.000 1.000 
200 0.822 0.948 0.854 0.890 0.863 0.925 
350 0.652 0.630 0.710 0.550 0.688 0.627 
500 0.396 0.468 0.398 0.488 0.392 0.488 
650 0.264 0.265 0.310 0.343 0.322 0.350 
800 0.058 0.047 0.130 0.038 0.140 0.096 
EM at 20oC 214 211 200 200 205 200 
 Table 5. Comparison of Ultimate Loads from Experiments and FEA for Type A 
Specimens 
 
 
Specimen 
 
Ultimate 
Load 
 
Temperature (°C) 
20 200 350 500 650 800 
G550-0.6-A Ave. Exp. 19.68 15.20 13.57 6.95 2.37 0.68 
 FEA 19.75 16.05 14.60 7.20 2.57 0.76 
 Exp/FEA 0.999 0.956 0.951 0.994 0.991 0.895 
G250-0.6-A Ave. Exp. 12.84 9.30 5.89 3.83 1.91 0.61 
 FEA 12.45 9.45 5.55 3.61 1.88 0.64 
 FEA/Exp. 1.031 0.984 1.009 1.057 1.014 0.953 
G550-0.8-A Ave. Exp. 31.09 27.19 23.74 12.90 4.24 1.73 
 FEA 31.70 26.95 23.60 12.65 4.16 1.78 
 FEA/Exp. 0.981 1.009 1.006 1.020 1.020 0.972 
G250-0.8-A Ave. Exp. 20.36 17.28 10.23 7.12 3.18 1.36 
 FEA 20.25 17.65 9.75 7.10 3.11 1.32 
 FEA/Exp. 1.005 0.979 1.050 1.003 1.025 1.030 
G550-0.95-A Ave. Exp. 42.88 37.55 30.91 19.52 4.52 1.80 
 FEA 42.50 37.00 30.35 19.80 4.33 1.89 
 FEA/Exp. 1.009 1.015 1.018  0.986 1.0440 0.952 
G250-0.95-A Ave. Exp. 31.43 25.17 17.40 10.38 4.98 1.47 
 FEA 31.65 25.20 15.50 9.75 4.70 1.56 
 FEA/Exp 0.993 0.999 1.090 1.063 1.045 0.942 
     Note: Average experimental load was based on the results from two or three tests. 
 Table 6.  Comparison of Ultimate Loads from Experiments and FEA for Type B 
Specimens 
 
Specimen 
 
Ultimate 
Load 
 
Temperature (°C) 
20 200 350 500 650 800 
G550-0.6-B Ave. Exp. 24.10 20.87 18.71 10.05 3.19 1.04 
 FEA 24.80 20.55 18.85 10.05 3.54 1.11 
 Exp/FEA 0.972 1.016 0.993 1.000 0.918 0.937 
G250-0.6-B Ave. Exp. 15.66 14.63 9.12 5.87 2.48 0.86 
 FEA 15.75 14.05 8.30 5.60 2.42 0.88 
 FEA/Exp. 0.994 1,041 1.077 1.006 1.024 0.977 
G550-0.8-B Ave. Exp. 39.59 32.92 28.40 14.69 4.38 1.51 
 FEA 39.65 32.60 28.25 14.95 4.73 1.56 
 FEA/Exp. 0.998 1.010 1.005 0.982 0.950 0.968 
G250-0.8-B Ave. Exp. 25.95 23.07 14.50 8.46 4.08 1.43 
 FEA 24.70 21.50 14.45 8.40 4.25 1.50 
 FEA/Exp. 1.025 1.029 0.983 1.007 0.960 0.953 
G550-0.95-B Ave. Exp. 53.58 44.63 39.04 21.90 5.02 1.95 
 FEA 55.00 47.60 38.35 22.50 5.00 2.05 
 FEA/Exp. 0.974 0.986 1.018 0.973 1.004 0.951 
G250-0.95-B Ave. Exp. 37.45 28.40 19.67 11.74 5.36 1.94 
 FEA 35.95 29.10 18.35 11.45 5.40 1.93 
 FEA/Exp 1.042 0.976 1.064 1.025 0.993 1.010 
     Note: Average experimental load was based on the results from two or three tests. 
 
  
 Table 7. Experimental and FEA Results of 0.95 mm G550 Type A Specimens 
 
Failure Mode Ultimate Load (kN) 
Experiments FEA 
Both flanges moving in 20.40 18.85 
Both flanges moving out 19.41 19.35 
Flanges moving in and out 19.63 19.80 
 
 Table 8.  Mechanical Property Reduction Factors for G250 and G550 Steels 
 
 
Temp
(oC) Outinen (1999) 
2.0 mm S350 
Chen and Young 
(2007)  
1.0 mm G550 
Mecozzi and 
Zhao (2005) 
0.6 mm S280 
 
ECS (2005) 
Cold-formed 
steels 
fy E fy E fy E fy E 
20 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
100 0.970 1.000 0.972 1.042 1.000 1.000 1.000 1.000 
200 0.932 0.900 0.936 0.962 0.849 0.900 0.890 0.900 
300 0.895 0.800 0.900 0.957 0.630 0.650 0.780 0.800 
400 0.857 0.700 0.692 0.827 0.310 0.400 0.650 0.700 
500 0.619 0.600 0.159 0.762 0.203 0.270 0.530 0.600 
600 0.381 0.310 0.091 0.632 0.110 0.150 0.300 0.310 
700 0.143 0.130 0.050 0.541 0.064 0.100 0.130 0.130 
800 0.105 0.090 0.029 0.517 0.042 0.060 0.070 0.090 
 Table 9.  Effect of Mechanical Properties on the Ultimate Loads of High Strength Steel 
Columns 
 
Temp 
(°C) 
Type A & B 
Specimens 
Ultimate Load (kN) Exp./FEA Exp./ 
FEAChen Exp. FEA FEAChen 
20 G550-0.95-20-A 42.88 42.50 42.50 1.009 1.009 
200 G550-0.95-200-A 37.55 37.00 39.95 1.015 0.940 
350 G550-0.95-350-A 30.91 30.35 37.30 1.018 0.829 
500 G550-0.95-500-A 19.81 19.80 9.75 1.001 2.032 
650 G550-0.95-650-A 4.52 4.33 4.30 1.044 1.051 
800 G550-0.95-800-A 1.80 1.89 1.84 0.952 0.978 
20 G550-.0.95-20-B 53.58 55.00 55.00 0.974 0.974 
200 G550-0.95-200-B 46.95 47.60 53.00 0.986 0.886 
350 G550-0.95-350-B 39.04 38.35 48.45 1.018 0.806 
500 G550-0.95-500-B 21.90 22.50 11.25 0.973 1.947 
650 G550-0.95-650-B 5.02 5.00 4.98 1.004 1.008 
800 G550-0.95-800-B 1.95 2.05 2.13 0.951 0.915 
 Mean 0.996 1.115 
COV 0.029 0.373 
 
 
 
 
 
Table 10.  Effect of Mechanical Properties on the Ultimate Loads of Low Strength Steel 
Columns 
 
Temp 
(°C) 
Type A & B 
Specimens 
Ultimate Load (kN) Exp./FEA Exp./ 
FEAOutinen Exp. FEA FEAOutinen 
20 G550-0.95-20-A 31.43 31.65 31.65 0.993 0.993 
200 G550-0.95-200-A 25.17 25.20 26.10 0.999 0.964 
350 G550-0.95-350-A 17.40 15.50 23.20 1.123 0.750 
500 G550-0.95-500-A 10.38 9.75 17.35 1.065 0.598 
650 G550-0.95-650-A 4.98 4.70 6.90 1.060 0.722 
800 G550-0.95-800-A 1.47 1.56 2.73 0.942 0.538 
20 G550-.0.95-20-B 37.45 35.95 35.95 1.042 1.042 
200 G550-0.95-200-B 28.40 29.10 29.65 0.976 0.958 
350 G550-0.95-350-B 19.67 18.35 27.55 1.072 0.714 
500 G550-0.95-500-B 11.74 11.45 19.80 1.025 0.593 
650 G550-0.95-650-B 5.36 5.40 7.95 0.993 0.674 
800 G550-0.95-800-B 1.94 1.93 3.33 1.005 0.583 
 Mean 1.024 0.761 
COV 0.049 0.238 
 
 
 
 
  
